Objective: Regulation of physiological processes by glucocorticoids is achieved by binding to the glucocorticoid receptor (GR) and subsequent modulation of gene expression, either by DNA bindingdependent mechanisms or via protein±protein interaction with other transcription factors. The purpose of this study was to de®ne the molecular mechanism of GR underlying the control of mammary gland development and lactation. Design: To dissect the mechanism of GR action in the mammary gland, we used genetically modi®ed mice carrying a DNA binding-defective GR. These mice retain the ability to regulate transcription by protein±protein interaction but fail to control gene expression by DNA binding-dependent mechanisms. Thus, they allow the study of the mode of GR action in vivo. Methods: The development of the mammary gland and milk protein synthesis during lactation were studied using histological and biochemical methods. Results: Our ®ndings demonstrated that the lack of the DNA binding function of GR impairs the ductal development of the mammary gland in virgin females and that this can presumably be accounted for by reduced proliferation of epithelial cells. In contrast, lactating females have normally differentiated mammary glands and are fully capable of milk protein production. This is in good agreement with the demonstration that the DNA binding-defective GR is still able to interact with phosphorylated Stat5 proteins, suggesting that transcriptional regulation by protein±protein interaction forms the basis of glucocorticoid action in this process.
Introduction
The adult mammary gland in the mouse is mainly composed of fat tissue with ducts and alveolar lobuli scattered throughout (1, 2) . Compared with humans the organization of the mouse mammary gland is less complex, lacking dense connective tissue and having simpler lobules and little periepithelial stroma. Postnatal development of the mammary gland is a dynamic process involving extensive epithelial cell proliferation, penetration of the ductal epithelia into the adipose fat pad and arborization. Usually by the age of 10 weeks the stroma is completely in®ltrated by the ductal system. Mammogenesis further proceeds from buds and is achieved by lengthening of the primary ducts, bifurcation of terminal end buds and secondary lateral branching. Terminal branches are formed around the third month of age, ®nally growing alveolar buds. Myoepithelial cells form a sleeve around the primary ducts while becoming discontinuous around secondary and tertiary ducts. It is generally accepted that a variety of hormones and growth factors are involved in mammogenesis (1, 3) . Using knock-out mice it can be shown that oestrogens are required for the formation of the ductal system after birth (4) whereas progesterone promotes arborization and the development of the lobuloalveolar system during pregnancy (5) . Furthermore, analysis of prolactin receptor-de®cient mice demonstrated that signalling by prolactin is required for normal postpubertal development of the mammary gland (6, 7) . Finally, analysis of the natural mutant op which lacks colony-stimulating factor-1 revealed an important contribution of this growth factor to ductal growth during pregnancy and lactation (1) . Glucocorticoids (GC) play an important role in a variety of processes, involving the development of organs, control of energy homeostasis, regulation of the immune system, adaption to stress and modulation of behaviour (8) . The majority of GC activities are mediated by the glucocorticoid receptor (GR), a member of the steroid hormone receptor superfamily, by activation or repression of gene expression (9) . GR acts as a ligand-dependent transcription factor and controls transcription either through homodimeric binding to glucocorticoid response elements (GREs) or via DNA binding-independent protein±protein interaction with other transcription factors such as AP-1, nuclear factorkB (NF-kB) or Stat5 (10±14). These two molecular modes of action can be ef®ciently distinguished using GR dim mice, a mutant mouse strain which was generated by a knock-in approach using the Cre/loxP system (15) . These mice carry the point mutation A458T in the D loop, one of the dimerization domains of the receptor, which selectively abrogates homodimerization and subsequent DNA binding of GR (16) . In contrast, regulation of gene expression by protein±protein interaction with other transcription factors such as AP-1 and NF-kB remains intact (17, 18) .
Milk protein synthesis in the mammary gland has been an intensively studied paradigm for the integration of peptide and steroid hormone signalling in the control of gene expression. In particular, it has been found that GC and prolactin act synergistically during induction of the b-casein and other milk protein genes in mammary epithelial cells (19) . This synergy has been explained by protein±protein interaction of GR with Stat5, a transcription factor which becomes activated by phosphorylation after binding of prolactin to its receptor (13, 14, 20) . Further support for this model comes from promoter analyses which revealed binding sites for Stat5 but no palindromic GRE in the b-casein gene (21) . Additional experiments demonstrated that the transcriptional synergy of GR and Stat5 is, at least in part, due to an enhancement of the Stat5 DNA binding activity by GR (22) . Taken together, these ®ndings suggest that GR plays an important role during lactation by controlling gene expression through protein±protein interaction with Stat5 in the absence of homodimeric DNA binding.
Besides its role in lactation, little else is known about the function of GR in the mammary gland. It was shown that GR provides a survival signal for mammary epithelial cells in culture (23) and that GC negatively interfere with mammary carcinogenesis (24) . However, control of ductal and lobuloalveolar development by GR has not been studied previously. Furthermore, most data on the regulation of milk protein synthesis were obtained in vitro. In this study, we have used GR dim mice to study the molecular mechanism used by GR in vivo. We have identi®ed mammary gland development as a process involving DNA binding-dependent transcriptional regulation by GR. In contrast, milk protein synthesis was found to be mediated by protein± protein interaction of phosphorylated Stat5 with GR. Thus, different activities of GR are responsible for the control of these two processes.
Materials and methods

Animal experimentation
GR dim mice and wild-type controls were obtained as previously described (15) . Females of both genotypes used within the same experiment were housed together for at least 4 weeks. Mice were killed using CO 2 and subsequently tissues and blood were isolated for further analysis. All animal experiments were conducted according to the highest institutional and international standards.
Whole-mount stainings
Mammary glands were dissected and ®xed in Tellyesniczky's ®xative for 24 h on glass slides. Tissues were defatted in acetone, hydrated through an ascending ethanol series and stained in an iron±haematoxylin solution for 90 min. After dehydration through a descending ethanol series and several changes of toluol, the slides were stored in methyl salicylate and photographed for documentation.
Histology and immunohistochemistry
Immuohistochemistry was carried out on 5mm sections of paraf®n-embedded tissues after microwave pretreatment. Actin was demonstrated by a mouse monoclonal smooth muscle actin-speci®c antibody (Sigma, Deisenhofen, Germany) diluted 1:400, the proliferation marker Ki-67 by a rabbit anti-mouse Ki-67 antibody (Dianova, Hamburg, Germany). Secondary antibodies were biotin-labelled goat anti-mouse or antirabbit IgGs diluted 1:250 (Jackson Immuno Research, Philadelphia, PA, USA). Horseradish±peroxidase streptavidin (Vector Laboratories, Alexis, Gru È nberg, Germany) was diluted 1:200. All incubation steps were performed at 22 8C, 3-amino-9-ethylcarbazole was taken as a substrate.
Quanti®cation of ductal structures was performed by counting 10 microscopic ®elds (using a 10Â objective) per slide. Quanti®cation of Ki-67 positive cells was achieved by counting positively stained cells in 10 medium-sized ducts per microscopic ®eld and 10 ®elds per slide. The number of animals per group was ®ve to seven, values are given as the means^s.d., statistical signi®cance was determined using Student's t-test.
Immunoprecipitation and Western blotting
Whole cell extracts were obtained by solubilizing cells in NP-40 extraction buffer (50 mM Tris, pH 7.5, 5 mM EDTA, 1 mM EGTA, 120 mM NaCl, 1% NP-40, 2 mM sodium orthovanadate, 20 mM b-glycerophosphate, 50 mM sodium¯uoride, 2 mM phenylmethylsulfonyl uoride, 5 mg/ml leupeptin, 5 mg/ml aprotinin) for 5 min on ice. The lysates were cleared by centrifugation at 16 000 g for 15 min. For immunoprecipitations, equal amounts of protein were incubated with speci®c antibodies for 1 h on ice. Immune complexes were collected with protein A±Sepharose by rotating the complexes for 30 min at 4 8C, washing three times with lysis buffer and once with TNE buffer (50 mM Tris, 140 mM NaCl, 5 mM EDTA). Precipitated proteins were subjected to SDS-polyacrylamide gel electrophoresis and blotted onto polyvinylidene di¯uoride membranes. After blocking with 10% horse serum in TTBS (50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% Tween 20) membranes were probed with speci®c antibodies. Proteins were visualized with peroxidasecoupled secondary antibody using the ECL detection system (Amersham Pharmacia Biotech, Little Chalfont, Bucks, UK). Stripping of membranes was performed in SDS buffer (62.5 mM Tris, pH 6.8, 2% SDS, 100 mM b-mercaptoethanol) for 30 min at 60 8C. After the stripping, membranes were washed with TTBS and reprobed with the indicated antibodies. The antibodies used were: rabbit polyclonal antiserum raised against a puri®ed rat GR fragment (25) , anti-Stat5a and -Stat5b sera raised in rabbits against speci®c C-terminal peptides (26) , polyclonal antiserum against mouse milk raised by injection of skimmed mouse milk into rabbits (27) and phosphotyrosine-speci®c monoclonal antibody (28) .
RNA isolation and Northern blot analysis
Total RNA was extracted using Trizol (Gibco BRL, Karlsruhe, Germany) according to the manufacturer's instructions. Ten micrograms of total RNA were resolved by gel electrophoresis and transferred to a nylon membrane. rRNA was stained on the ®lters with methylene blue (29) to assess RNA loading and transfer. Hybridization was performed as previously described (30) . The mouse cDNAs of b-casein, alactalbumin and whey acidic protein (WAP) were labelled with 32 P-dATP by a random primed labelling kit (Roche Molecular Biochemicals, Mannheim, Germany) and used as probes. Levels of speci®c RNA were measured in a Molecular Dynamics Phosphoimager.
Hormone determination
Serum was obtained by centrifugation of freshly isolated EDTA blood at 5000 r.p.m. for 10 min. Hormones were measured using commercially available RIA kits (ICN Diagnostics, Meckenheim, Germany and Amersham Pharmacia Biotech) according to the manufacturer's instructions.
Results and discussion
The DNA binding-dependent function of GR is required for full ductal development of the virgin mammary gland
To study the role of GC in the development of the mammary gland, whole-mount stainings and histological analyses were performed using virgin female mice of 10 and 22 weeks of age. In®ltration of the mammary fat pad with the ductal tree is usually achieved in female mice 10 weeks after birth. By 22 weeks of age alveolar buds have also formed at the ends of the ductal tree. Whole-mount stainings performed on the fourth inguinal mammary gland of 10-week-old virgin females revealed considerably reduced ductal side branching in GR dim mice as compared with wildtype controls (Fig. 1A and B) . The mammary gland of 22-week-old females showed even more pronounced differences. In addtion to the reduced arborization of the ductal tree, mutant mice almost completely lack alveolar buds (Fig. 1C and D) . In contrast, at the tips of most ducts structures resembling terminal end buds remain. Counting of ductal structures in haematoxylin±eosin-stained sections con®rmed the impaired development of the mammary gland in GR dim mice ( Fig. 1E and F) . In 22-week-old female GR dim mice a signi®cant reduction of ductal structures by more than 50% was observed compared with wild-type controls wild-type 182^38Y GR dim 89^33, P , 0Y 02, see Materials and methods). This demonstrates that GR and namely its DNA binding-dependent activity is required for normal ductal development of the virgin mammary gland.
Proliferation of mammary epithelial cells is impaired in GR dim mice
To study the defect in mammogenesis in more detail, we quanti®ed proliferation of epithelial cells by immunohistochemistry. Paraf®n sections of the fourth inguinal mammary gland were stained with an antibody against the proliferation marker Ki-67 and positive cells were counted (see Materials and methods). Interestingly, in both 10-and 22-week-old virgin GR dim females a marked reduction in the number of Ki-67 positive cells was observed as compared with wild-type controls, indicating an impaired proliferation of epithelial cells ( Fig. 2A and B and data not shown). At 10 weeks of age, proliferation was reduced by 90%, at 22 weeks by 70% (Fig. 2E) . Thus it appears that GR exerts a positive in¯uence on the proliferation of epithelial cells, presumably explaining the impaired development of the mammary gland in GR dim mice. The presence of myoepithelial cells has been implicated in the development of the ductal tree in the mammary gland (31) . We therefore studied the presence of myoepithelial cells in 10-and 22-week-old virgin females taking expression of actin as a marker. Using immunohistochemistry, we demonstrated a normal presence of myoepithelial cells in virgin females of both genotypes ( Fig. 2C and D) . Thus, lack of these cells can be excluded as a potential source for the observed developmental defect of the mammary gland in GR dim mice. p53-dependent signalling has been demonstrated to be involved in certain aspects of mammary gland development (32, 33) . In particular, p53 2/2 mice show reduced levels of apoptosis in the terminal end buds of the mammary gland although they lack a general impairment of ductal development (33) . Interestingly, mutual interference between the transcriptional activities of GR and p53 has been reported (34±36), suggesting a potential link between signalling via these two molecules. To study whether p53-mediated regulation contributes to the observed impairment of mammary gland development in GR dim mice, we crossed them onto a p53 2/2 background. In agreement with previous reports, no defect in ductal development was observed in 10-week-old virgin p53 2/2 females (33). Furthermore, GR dim mice exibited the same defect in ductal side branching in the absence of p53 as in its presence (compare Fig. 1G and H with Fig. 1A and 1B) . This indicates that GR-mediated modulation of p53-dependent processes is not related to the defect in mammary gland development as observed in GR dim mice.
The effect of the GR dim mutation on mammary gland development is direct
Wild-type and mutant GR are present in almost every cell type of the organism including epithelial and stromal cells of the mammary gland, hypothalamus, pituitary and reproductive organs (data not shown). Consequently, GR might in¯uence mammogenesis by two potential mechanisms. First, GR could act directly in epithelial or stromal cells of the mammary gland. Alternatively, neuroendocrine regulation might be affected, thus leading to altered levels in reproductive hormones such as oestrogen, progesterone or prolactin.
As a ®rst step towards the dissection of direct and indirect GC effects on mammary gland development, we analysed the levels of reproductive hormones in 10-week-old virgin female mice. Whereas, at this stage, the development of the mammary gland is clearly impaired, no signi®cant difference in oestrogen and progesterone levels could be detected (Table 1) . Prolactin serum levels were below the limit of detection of the assay, thus precluding a de®nitive conclusion. However, it should be noted that mRNA levels of prolactin are increased in the pituitary of GR dim mice (15) . This suggests that, at least, diminished prolactin signalling is unlikely to account for the impaired development of the mammary gland in mutant virgin females. Taken together, the defect observed in GR dim mice appears to be the result of a direct action of GR in the mammary gland.
Lactation in GR dim mice is unimpaired
Given the phenotype of virgin GR dim females, we analysed the morphology of the mammary gland in lactating mice, killed 3 days after parturition. Although mammary glands were smaller in mutant females, normal formation of alveoli during pregnancy could be demonstrated, both by whole-mount staining ( Fig. 3A and B) and histology ( Fig. 3C and D) . Furthermore, staining of the sections with an antibody against Ki-67 failed to demonstrate differences in the proliferation of epithelial cells in the mammary gland of GR dim females ( Fig. 3C and D) . In line with the absence of severe alterations in lactating females, GR dim mice can have offspring and normally succeed in nursing their pups. We conclude that, during pregnancy and lactation, the lack of the DNA binding function of GR can be compensated for by other mechanisms.
GC play an important function during lactation by synergistically acting with prolactin to stimulate expression of milk protein genes (37) . It has previously been demonstrated in vitro that GR interacts with Stat5 to induce b-casein gene expression (13) . Using ectopically expressed chimeras of the GR it was shown that its DNA binding domain is not necessary for transcriptional induction of the b-casein promoter (14) . This suggests that GR may act as a co-activator of Stat5, independent of its DNA binding function. Furthermore, a complex between GR and Stat5 has been observed in cultured mammary epithelial cells and in various organs, including the mammary gland (20) . These results prompted us to examine the association of GR dim and Stat5 in extracts made from lactating mammary glands of GR dim females. To this end, GR was immunoprecipitated with a speci®c antiserum. Probing the immune complexes with a Stat5a speci®c antiserum revealed that the two proteins were associated to an equivalent extent in extracts made from mammary glands of wild-type and GR dim females (Fig. 4B lower panel) . The activation status of both Stat5a and Stat5b was also equivalent in wildtype and mutant mammary glands, as shown by probing the Stat5 immunoprecipitates with a phosphotyrosine speci®c antiserum (Fig. 4B upper panels) . These results correlate well with the ®nding that the level of milk protein expression was equivalent in all the lactating mammary glands (Fig. 4A) . This was true not only for b-casein but also for a-lactalbumin and WAP. Thus, the DNA binding-dependent function of GR is not required for milk protein expression in lactating mammary glands.
Conclusions
GR plays an important role in many physiological processes. With regard to the mammary gland it is known that GR is involved in the control of milk protein synthesis in vitro but an effect on ductal development has not yet been demonstrated. Here we have shown that the DNA binding-dependent function of GR is a prerequisite for normal development of the virgin mammary gland. This presumably proceeds via a direct effect of GR on the epithelial cells by enhancing proliferation. However, a lack of myoepithelial cells, a contribution of p53-dependent signalling or a reduction in reproductive hormones could be excluded as potential causes for the impaired ductal development of the mammary gland. In contrast, the DNA binding function of GR can be dispensed with for normal lobuloalveolar development and lactation. Interestingly, milk protein synthesis is also not affected by the absence of DNA binding by GR, suggesting that in vivo expression of genes such as b-casein may be mediated by protein±protein interaction of GR with Stat5. In the future, the generation and analysis of mammary glandspeci®c GR knock-out mice will allow for the further addressing of the role of GR in the production of milk proteins. Taken together, these observations suggest that it may be possible to selectively in¯uence these processes by more speci®c GR ligands, speci®cally acting via one of the two modes of action of GR.
